Abstract. The C -C bond formation activated under negative electrospray ionization of an acetonitrile solution of 1,3,5-trinitrobenzene is reported. The solvent function is to provide a source of cyanide ion, a highly problematic reagent, which is found to attack the electron-deficient aromatic ring to form a covalently bound anionic complex (Meisenheimer complex). The structure of the complex is elucidated by means of collision induced dissociation mass spectrometry and IR multiple photon dissociation spectroscopy in the 'fingerprint' region.
Introduction
C yanide ion is a valuable inorganic reagent forming C -C bonds with a variety of different substrates. However, its toxicity discourages using it in routine synthetic procedures such as the cyanation of aromatic compounds [1] . Several alternative cyanide sources have been utilized, including cuprous thiocyanate [2] , ethylcyanoacetate [3] , K 4 [Fe(CN) 6 ] [4] , and benzyl cyanide [5] . Most of these methods require transition metal catalysis [6] , though, and suffer from production of metal waste, poisoning of the catalyst and formation of toxic HCN. In this context, the smooth formation of a cyanide adduct of 1,3,5-trinitrobenzene (TNB), a strongly electrondeficient arene, upon electrospray ionization (ESI) of an acetonitrile solution in negative ion mode is a remarkable finding. The adduct is revealed at m/z 239 as the major ionic species (100 %) together with an ion at m/z 212 (20 %) corresponding to deprotonated TNB. The search for the cyanide adduct of TNB ([TNB + CN] -) originates from our ongoing interest in the negatively charged adducts of simple, inorganic anions with π-acidic aromatic systems [7, 8] . Elucidating the structural features of [TNB + CN] -is the subject of the present contribution, exploiting collision induced dissociation experiments and infrared multiple photon dissociation (IRMPD) spectroscopy in the fingerprint region [9] [10] [11] [12] [13] [14] [15] . In addition, quantum chemical calculations were performed to sample candidate structures, providing optimized geometries, relative energies, and computed IR spectra.
Experimental
Minimum energy geometries and harmonic vibrational frequencies of candidate isomers were obtained by calculations performed at B3LYP/6-311 + G(d,p) level. Zero-point energy corrections were applied to the thermodynamic parameters (zero Kelvin). For a comparison to the experiment, computed vibrational frequencies were scaled by a factor of 0.99 and simulated IR spectra are obtained from a convolution with a Gaussian line shape of 20 cm -1 width.
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The gaseous ions were obtained using an electrospray ionization (ESI) source through direct infusion of a 0.3 mM solution of TNB (Sigma-Aldrich s.r.l. Milan, Italy) in acetonitrile using a syringe pump. CID experiments at variable energy were carried out using a 2000 Q Trap instrument (Applied Biosystems SCIEX, Concord, ON, Canada), a commercial hybrid triple quadrupole linear ion trap mass spectrometer (Q1q2Q LIT ). Typical ESI conditions were a flow rate of 3-5 μL/min, ion spray voltage at −4500 kV, declustering potential at −5 V, and entrance potential at −2 V. The ion of interest was mass-selected using Q1. CID experiments were performed in the quadrupole collision cell q2 at variable collision energies (E lab = 5-35 eV) with N 2 as collision gas at a nominal pressure of 2.4-4.0 × 10 -5 mbar. The dissociation product pattern was monitored by scanning Q LIT .
IRMPD experiments were performed using a quadrupole ion trap instrument (Bruker Esquire 3000+) coupled to the beamline of the IR free electron laser (FEL) at the CLIO facility [16] , as previously described [17] [18] [19] [20] [21] [22] . Mass selected ions were irradiated with the FEL IR beam for 150 ms. For these experiments, the FEL was operated at 46 MeV and a fairly stable power of 900-1100 mW was ensured. The abundances of the parent and fragment ions were recorded as a function of the IR wave number to obtain the IR action spectra where the IRMPD efficiency (R) was plotted versus the photon energy [17] [18] [19] .
Results and Discussion
The anionic σ-complex formed by addition of CN -to an unsubstituted carbon of TNB (isomer 1 in Figure 1 ) is found to be a stable species. This species conforms to a Meisenheimer complex (the well-established intermediate of the S N Ar addition-elimination mechanism of nucleophilic aromatic substitution) stabilized by three nitro groups in ortho/para positions, effectively delocalizing the negative charge. The possible binding of cyanide to a nitro-substituted carbon has also been explored. However, the starting geometry evolves upon geometry optimization to isomer 2 ( Figure 1 ), following C -NO 2 bond cleavage and binding to an adjacent carbon by an oxygen atom. Finally, the possibility that the ion at m/z 239 may rather correspond to a noncovalent species involving hydrogen bonding has been considered, yielding a complex of deprotonated TNB ([TNB -H] -) interacting with HCN (3 in Figure 1 ), in line with the comparatively higher basicity of cyanide relative to [TNB -H] -. The optimized geometries of 1-3 are given in Table S1 as Online Resource and the relative energies of 1-3 and of related species are given in Table 1 .
Species 1 and 2 are very close in energy. However, their dissociation behavior is expected to be quite different. Cyanide cleavage from 1 should lead to HCN and deprotonated 
Conversely, the dissociation of 2 into NO 2 -and 3,5-dinitrobenzonitrile is endothermic by 108 kJ mol -1 . In order to ascertain the fragmentation behaviour of the sample ions at m/z 239, collision induced dissociation experiments at variable energy have been performed in a hybrid QqTrap instrument (Figure 2) .
The ions, selected in the first sector and submitted to collisions with dinitrogen at increasing center of mass energy (E CM ) in the second quadrupole, display fragment ions at m/z 212 ([TNB -H] -) and m/z 46 (NO 2 -). However, the former species is the only ion formed at the lowest collision energies, nitrite ion appearing at considerably higher collision energy in spite of a comparatively much lower endothermicity for the dissociation process depicted in Equation (2), (Table 1) .
The CID evidence suggests 1 as the structure of the [TNB + CN]
-sampled ions, formed by the direct attack of cyanide to the ring position activated by the ortho/para nitro groups. Further support for the structural assignment was obtained by IRMPD spectroscopy using the IR radiation of a FEL tuned in the mid-IR region at the CLIO (Centre Laser Infra Rouge d'Orsay) center coupled with a Paul type ion trap mass spectrometer [16, 23] . The IRMPD spectrum is obtained by reporting the photofragmentation yield as a function of the radiation wavenumber.
Photons in resonance with active vibrational modes promote fragmentation of [TNB + CN]
-to give [TNB -H] -and HCN, namely the same products observed under CID at relatively low collision energy. It is generally recognized that IR multiple photon absorption provides a slow heating process leading to the photofragment associated with the lowest energy fragmentation threshold [10] . A sizeable activation barrier is clearly involved in the dissociation to NO 2 -that is observed under CID at relatively high collision energy, although the process is thermodynamically less demanding. The IRMPD spectrum is shown in Figure 3a , presenting also the calculated IR spectra for the candidate isomers 1-3 (Figure 3b-d) . The experimental spectrum drawn in grey in Figure 3b -d shows that the best agreement is observed with the calculated IR spectrum of 1.
The match between the experimental features and the calculated IR transitions is also clear in the corresponding data listed in Table 2 . The dominant band at 1244 cm -1 with a barely discernible shoulder at 1275 cm -1 is associated to NO 2 symmetric stretching and CN stretching vibrations involving the nitro substituents. In plane CH bending modes are responsible for the IRMPD band at 1050 cm -1
. A pronounced band at 1504 cm -1 comprises NO 2 symmetric stretching modes and a somewhat weaker one at 1610 cm -1 is associated to C -C stretching vibration. A small feature at 1380 cm -1 in the IRMPD spectrum matches the transition at 1381 cm -1 associated to ring deformation and C-N stretching. A comparatively more active mode expected at 1435 cm -1 is instead not observed experimentally. It has been previously observed that small absorptions may be missing in IRMPD spectra [11, [24] [25] [26] [27] [28] [29] . Possible reasons lie in the multiphotonic nature of IRMPD and in the demand of efficient intramolecular vibrational relaxation.
The major band at 1244 cm -1 involving stretching vibrations of the nitro groups is a characteristic feature of the anionic σ-complex structure. These modes are degenerate and resonant at higher frequency in neutral TNB. In the anionic σ-complex the three nitro groups become nonequivalent and degeneracy is removed. The symmetric stretching of the para nitro group contributes mainly to the transition predicted at 1272 cm . The separation of the two transitions, hardly resolved in the experimental IRMPD spectrum, and their notable activity account for the remarkable bandwidth (90 cm -1 width at half maximum). The red shift with respect to neutral TNB originates from the resonance interaction of the nitro groups in the anionic σ-complex, leading to a diminished N -O bond order. These features have already been pointed out in the IRMPD spectroscopic study of exemplary adducts of simple anions with TNB, presenting evidence of two types of structural motifs [8] , namely a weakly covalent σ interaction and a strongly covalent σ interaction [30] . The exceptionally large bandwidth of the dominant feature in the IRMPD spectrum is well accounted for by the two transitions of comparable activity in the calculated IR spectrum of isomer 1. The IR spectrum of isomer 2 does not support this feature, though presenting also a general fair agreement. Isomer 2, if present in the sampled ion is, however, expected to yield the 2→NO 2 -+ 3,5-dinitrobenzonitrile fragmentation path, which is not detected under IRMPD conditions. Overall, the gathered evidence provides strong indication for the anionic σ-complex 1 to be the structure of ESI-formed [TNB + CN] -ions.
Conclusion
In a recent communication [31] , electrosonically generated droplets have been found to allow a medium enhancing the rate of C -C bond forming reactions. This novel result, providing a preparative electrospray process, is explained to arise from a concentration effect. Reactant concentration increases in the shrinking droplet, increasing the rate of the bimolecular reaction. In contrast, the CN -donating ability of the acetonitrile solvent under the adopted negative ESI conditions likely stems from the character of a special electrolytic cell associated to the ESI device [32] . This reactivity behavior has provided a neat route to the adduct of CN -with an exemplary π-acidic arene, characterized as an anionic σ-complex in an isolated state. In an interesting previous report, cyanide adducts of 1,3,5-trinitrobenzene and 2,4,6-trinitrotoluene have been revealed in the course of atmospheric pressure chemical ionization and desorption atmospheric pressure chemical ionization. Their fragmentation patterns upon collisional activation were found to be consistent with the structure of Meisenheimer complexes [33] . The covalent structure of the sampled [TNB + CN] -ions is in line with the high basicity of cyanide [30] . In summary, the gas-phase chemistry of anionic σ-complexes (Meisenheimer complexes) reveals increasingly interesting facets [34] [35] [36] [37] [38] [39] [40] .
